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USE OF GLUTATHIONE SYNTHESIS STIMULATING COMPOUNDS IN 
REDUCING INSULIN RESISTANCE 

This application claims priority of invention from United States 
Patent Application 60/350,955, filed 25 January 2002. 

5 FiELD OF THE INVENTION 

The invention relates to the field of treatments for Insulin 

resistance. 

BACKGROUND 

Insulin resistance is a significant health challenge for a wide range 
10 of patients, including those with type II diabetes, metabolic obesity, and various 
liver conditions. 

The picture that is emerging is one of complex multiple interacting 
• systems with reflex parasympathetic effects In the liver capable of causing more 
than one reaction and of triggering reactions in other organs. 

IS Fasted cats develop insulin resistance Immediately foilovying acute 

denervation of the liver. In such studies, the degree of reduction of response to 
Insulin was maximal iafter anterior plexus denervation and did not increase 
further with addition of denervation of the posterior nerve plexus or bilateral 
vagotomy thus demonstrating that all of the nerves of relevance were In the 

20 anterior plexus. 

The rapid Insulin sensitivity test (RIST) was employed (Lautt et al.. 
Can. J. Physiol. Pharmacol. 76:1080 (1998)) is employed to avoid the 
complexity of the reaction to hypoglycemia. The RIST involves use of a 
euglycemic clamp following the administration of insulin and quantitation of the 

25 response as the amount of glucose required to be Infused over the test period in 
order to hold arterial blood glucose levels constant The RIST methodology has 
been published in detail and has been demonstrated In both cats and rats. It is 
highly reproducible with up to five consecutive responses being obtainable In 
cats and four In rats with blood glucose levels returning to control levels between 
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each test. Insulin, glucagon, and catecholamine levels remain unchanged 
between tests. 

Cats show a dose-related development of insulin resistance using 
atropine (a cholinergic muscarinic receptor antagonist) that was of a similar 
5 magnitude to that produced by surgical denervation. The dose of atropine 
required, to produce a full insulin resistance is 3 mg/kg (4 pmol/kg) administered 
into the portal vein. A similar degree of Insulin resistance was achieved with 10" 
^ mmol/kg of the Mi muscarinic selective antagonist, pirepzepine, and with 10"® 
|jmol/kg of the Ma selective antagonist, methoctramine. Although not 

10 conclusive, the data suggest that the response may be mediated by the Mi 
muscarinic receptor subtype. 

Although the liver appeared to be the organ that produced the 
insulin resistance, it was not clear that the liver was the resistant organ, in order 
to determine the site of insulin resistance, a further series was done in cats that 

15 measured arterial-venous glucose responses across the hindlimbs, extrahepatic 
splanchnic organs, and liver. The intestine was unresponsive to the bolus 
insulin administration both before and after atropine or anterior plexus 
denervation or the combination of both. The hepatic response was also not 
notably altered whereas the glucose uptake across the hindlimbs, primarily 

20 representing skeletal muscle uptake, was decreased following atropine or 
hepatic parasympathetic denervation. These results indicated that interference 
with hepatic parasympathetic nerves led to insulin resistance in skeletal muscle. 

It was further demonstrated that the same degree of resistance 
could be produced by pharmacological blockade of parasympathetic nerve 

25 function using the muscarinic receptor antagonist, atropine. Following a meal, 
insulin is released from the pancreas. The presence of insulin in the blood 
elicits a hepatic parasympathetic reflex that results in the release of 
acetylcholine in the liver that results in the generation and release of nitric oxide 
which acts to control the sensitivity of skeletal muscle to insulin through the 

30 action of a hormone released from the liver, a hepatic insulin sensitizing 
substance (HISS) which selectively stimulates glucose uptake and storage as 
glycogen in tissues including skeletal muscle. 
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In the absence of HISS, the large muscle mass is highly resistant 
to insulin and the glucose storage in skeletal muscle is severely reduced. 
Interruption of any part of the parasympathetic-mediated release of HISS results 
in insulin resistance. This parasympathetic reflex regulation of HISS release is 
5 an important mechanism by which the body regulates responsiveness to insulin 
and this mechanism is adjusted according to the prandial state, that is, 
according to how recently there has been an oral consumption of nutrients. 

In a fasted condition, HISS release in response to insulin is 
minimal or absent so that if insulin is released in this situation, there is a minimal 

10 metabolic effect. Following a meal, the parasympathetic reflex mechanism is 
amplified so that HISS release occurs and results in the majority of the Ingested 
glucose stored in skeletal muscle. 

The consequence of lack of HISS release is the absence of HISS 
which results in severe insulin resistance, refen-ed to as HISS-dependent insulin 

15 resistance ("HDIR"). In this situation, the pancreas is required to secrete 
substantially larger amounts of insulin in order that the glucose in the blood is 
disposed of to prevent hyperglycemia from occurring. If this condition persists, 
insulin resistance will progress to a state of type 2 diabetes (non-insulin 
dependent diabetes mellitus) and eventually will lead to a complete exhaustion 

20 of the pancreas thus requiring the patient to resort to injections of insulin. Thus, 
it appears that any condition in which the hepatic parasympathetic reflex is 
dysfunctional will result in insulin resistance. 

It Is believed that the insulin resistance that is seen in a variety of 
conditions (non-insulin dependent diabetes, essential hypertension, obesity, 

25 chronic liver disease, fetal alcohol effects, old age, and chronic Inflammatory 
diseases) represents a state of HDIR parasympathetic dysfunction. Lack of 
HISS would also be anticipated to result In obesity at the earty stage of the 
resultant metabolic disturbance (the obese often become diabetic). 

Normally after a meal the liver takes up a small proportion of 

30 glucose and releases HISS to stimulate skeletal muscle to take up the majority 
of the glucose load. In the absence of HISS, the skeletal muscle is unable to 
take up the majority of glucose thus leaving the liver to compensate. The 
hepatic glycogen storage capacity Is insufficient to handle all of the glucose, with 
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the excess being converted to lipids which are then incorporated into 
lipoproteins and transported to adipose tissue for storage as fat. Provision of 
HISS to these individuals would restore the nutrition partitioning so that the 
nutrients are stored primarily as glycogen In the skeletal muscle rather than as 
5 fat in the adipose tissue. 

Thus, it is an object of the invention to provide a method of 
reducing insulin resistance. 

SUMMARY OF THE INVENTION 

Nitric oxide (NO), GSH and insulin are believed to act within the 

10 liver to cause the release of a hepatic insulin sensitizing substance (HISS) into 
the blood. HISS controls the sensitivity of certain tissues (including skeletal 
muscle) to Insulin. When HISS is present in significant amounts these tissues 
become hiore sensitive to insulin and can rapidly take up and store glucose. 
While the invention is not limited to any particular mechanism, the insulin 

IS sensitizing effect of HISS is believed to result when insulin causes HISS release 
and then HISS action is imposed on skeletal muscle. The direct action of Insulin 
on peripheral tissues is not believed to be directly altered. Similariy, the term 
HISS-deperidant insulin resistance refers to the decreased glucose storage 
effect produced by insulin as a result of lack of HISS action, not a direct 

20 reduction in cellular response to insulin. 

In an embodiment of the invention there is provided a method of 
reducing HISS-dependent insulin resistance in a mammalian patient suffering 
therefrom comprising administering a glutathione-increasing compound and In 
some Instances a nitric oxide increasing compound. 

25 Acetylcholine infused directly into the portal vein (2.5 pg/kg/min) 

results in a complete reversal of tiie insulin resistance induced by surgical 
denervation. Administration of the same dose of acetylcholine intravenously 
produces no reversal. Intraportal administration directiy targets the liver 
whereas intravenous infusion bypasses the liver and is not organ selective. This 

30 demonstration is extremely Important In that the data suggest that the signal 
fifoiin the liver to skeletal muscle is blood-bome. 
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A small but significant reduction in insulin resistance is observed 
following the administration of GSH alone. However, this effect is insufficient for 
many therapeutic purposes and is believed to be HISS-lndependent. Improved 
Insulin sensitivity Is obtained when both NO and GSH are administered. 

5 A role for nitric oxide ("NO") In reducing insulin resistance has 

been previously reported (Int. Pub. WO 00/19992 of Lautt). However, It has 
subsequently been discovered that NO alone is insufficient to fully overcome 
HISS-dependent insulin resistance in patients suffering therefrom and having 
low levels of hepatic GSH. While NO alone can increase insulin sensitivity in 

10 such patients, the effect is not complete and may not be sufficient for therapeutic 
purposes. As used herein, the phrase "low levels of hepatic GSH" refers to GSH 
levels lower than 3.5 Mmol/g fresh liver when assayed after a 16 to 24 hour fast. 

In an embodiment of the Invention there is provided use of a 
glutathione-increasing compound and a nitric oxide increasing compound in 

15 reducing HISS-dependent insulin resistance In a mammalian patient suffering 
therefrom. 

In an embodiment of the Invention there is provided use of a 
glutathione-increasing compound and a nitric oxide Increasing compound in the 
manufacture of a medicament useful in the treatment of HISS-dependent insulin 
20 resistance. 

In an embodiment of the Invention there is provided use of a 
composition comprising a glutathione-increasing compound and a nitric oxide- 
increasing compound in improving glucose uptake in a patient suffering from 
insulin resistance. 

25 BRIEF DESCRIPTION OF THE FIGURES 

♦ 

FIGURE 1 Is a schematic illustration of the experimental protocol 
employed in Example 1 . 

FIGURES 2a-d depict the RIST index for the control group BSO 
group in Example 1 , as well as HISS dependent and independent components 
30 of insulin action in the BSO and control groups, and hepatic GSH content in 
those groups. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Surprisingly, it has been learned that the combined action of 
glutathione and nitric oxide f NC) play an important role in the production of 
HISS in the liver. Glutathione, NO and insulin are needed for the release of 
5 sufficient active HISS to overcome HISS-dependent insulin resistance ("HDIR"). 

HISS-dependent insulin resistance refers to the reduced uptal<e of 
glucose by HlSS-sensitive tissues In the absence of HISS or when HISS levels 
are insufficient. One example of such reduced uptake is that of skeletal muscle 
when observed in the presence of insulin but in the absence of a normal hepatic 
10 parasympathetic reflex. While administration of GSH alone or NO alone may 
reduce insulin resistance somewhat in such a situation, the remaining insulin 
resistance (not treatable with NO or GSH alone) is HDIR and can be treated by 
the method disclosed herein. 

While the invention is not limited to any particular mechanism, it is 
15 believed that the administration of a glutathione increasing compound and an 
NO-increasing compound restores HISS release from the liver and/or restores 
HISS effect at skeletal muscle and other HlSS-sensitive sites of glucose uptake. 

Thus, patients suffering from insulin resistance caused by 
insufficient HISS activity can be treated through the administration of a hepatic 
20 glutathione-increasing compound together with a hepatic NO-increasing 
compound. 

It will be apparent, in light of the disclosure herein, tiiat a number 
of ways of increasing hepatic glutathione and NO are specifically contemplated 
and fall within the scope of the invention. For example, hepatic glutathione may 

25 be increased by Increasing the rate of glutathione synthesis in the liver, reducing 
the rate of glutathione degradation (other than to form HISS) in the liver, or by 
providing exogenous glutathione in a form which is taken up by the liver cells. 
By way of non-limiting example, the rate of glutathione synthesis in the liver may 
In some instances be increased using one or more compounds: (a) which 

30 stimulate enzymes involved in glutathione synthesis (but the compounds are not 
reactants in the reactions producing glutathione); (b) which are reactants in the 
reaction producing giutatliione; or (c) wiiich stimulate the production of one or 
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more subsequent compounds which either stimulate glutathione producing 
enzymes or are reactants In the reaction producing glutathione. In light of the 
disclosure herein, one skilled in the art could select a suitable method of 
increasing hepatic glutathione. Examples of glutathione-increasing compounds 
5 include: n-acetylcysteine. cysteine esters, L-2-oxothiazoiidine-4-carboxolate 
("OTC"), gamma glutamylcysteine and its ethyl ester, glutathione ethyl ester, 
glutathione isopropyl ester, llpoic acid, cystine, cysteine, methionine, and s- 
adenosylmethionine. 

SImilariy, hepatic NO levels can be increased by increasing the 
10 rate of NO synthesis in the liver (such as by increasing NO synthase activity), by 
reducing the rate of NO degradation in the liver (other than to fomi HISS), or by 
providing exogenous NO or an exogenous canler or precursor which is taken up 
and releases NO in the liver. 

NO-lncreasing compounds include SIN-1 and molsidamine, and 
15 nitrosylated fomis of: N-acetylcysteine, cysteine esters, L-2-oxothia2olidine-4- 
carboxolate ("OTC"), gamma glutamylcysteine and its ethyl ester, glutathione 
ethyl ester, glutathione isopropyl ester, lipolc acid, cystine, cysteine, methionine, 
and s-adenosylmethionlne. 

When nitrosylated forms of glutathione-increasing compounds are 
20 administered, these compounds can perfomi the role of both a nitric oxide- 
increasing compound and a glutathione-increasing compound. 

S-adenosylmethionine (SAMe) is a major regulator of hepatic 
glutathione. SAMe administration causes Intrahepatte glutathione to be restored 
to near-nomial levels. Thus, SAMe administration (together with an NO- 
25 Increasing compound) allows HISS production In patients othenvise suffering 
from insufficient HISS as a result of insufficient hepatic glutathione. Thus, one 
metiiod of increasing hepatic glutathfone is by the administration of SAMe 
together with an NO-increasing compound. As used herein "SAMe" includes 
SAMe itself as well as phannacologically acceptable salts thereof. 
30 SAMe is preferably administered orally at a dose of 0.5 to 25 

mg/kg, by intramuscular injection at a dose of 0.2 to 10 mg/kg, or by another 
route of administration with an equivalent dose. 
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Peak glutathione levels are typically seen about 3-6 hours after 
oral administration of SAMe. In one emIxDdiment, SAMe is administered once 
per day. In some instances the daily oral dose is preferably taken in the 
morning. 

5 The precise dose of glutathlone-increasing compound and NO- 

Increasing compound desirable will be determined by a number of factors which 
will be apparent to those skilled in the art, in light of the disclosure herein. In 
particular, the identity of the glutathlone-increasing compound and the NO- 
increaslng compound and its mechanism of action (if known), the formulation 

10 and route of administration employed, the unstimulated level of HISS production 
In response to the patient's endogenous glutathione and/or NO levels, the 
patient's gender, age and weight, as well as the extent of unstimulated hepatic 
glutathione and/or NO production and the severity of the condition to be treated 
should be considered. Where it is Impractical to conduct the tests necessary to 

15 determine the glutathione and/or NO response and/or the other factors such as 
the extent of hepatic glutathione and/or NO production, the appropriate dose 
can be determined through the administration of a dose suitable for a majority of 
patients similar to the subject in respect of those factors which have been 
assessed, followed by monitoring of the patient to determine if HISS production 

20 is increased. Such monitoring may be by any suitable means including, for 
example, the RIST. 

In one embodiment of the invention, a patient suffering from insulin 
resistance is treated for that condition by the administration of one or more of S- 
adenosylmethtonine, vitamin E, vitamin C and 3-morphollnosyndnonlmlne and 

25 other pharmaceutically acceptable anti-oxidants, together with a NO-fncreasing 
compound. 

For oral administration, In some instances the components are 
preferably administered immediately before a meal: SAMe (1 to 20 mg/kg, 
preferably 6 mg/kg body weight), vitamin E (1 to 20 mg/kg, preferably 6 mg/kg 
30 body weight), vitamin C (1 to 20 mg/kg, preferably 7 mg/kg body weight), and 3- 
morphollnosyndnonlmine ("SIN-1") (50 to 400 mg/kg, preferably 150 mg/kg body 
weight). 
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In one embodiment of the invention the glutathione-increasing 
compound is 8-bromo-cGMP, 8-bromo-cGMP for administration to a patient 
may be in any pharmaceutically acceptable carrier. In some instances 
intravenous administration at a dose of 0.05 to 1 mg/kg/min infused continuously 
5 will be desired. In some instances a dose of 1 to 0.5 mg/kg/min will be desired. 
Infusion will preferably commence near the time of a meal so that 8-bromo- 
cGMP levels in the liver will peak when blood glucose levels are elevated above 
pre-meal levels. In some instances 8-bromo-cGMP may be continuously 
administered for 1 to 60 minutes. In some instances administration for 5 to 30 
10 minutes will be desirable. Comparable oral doses may also be employed, 
although in some instances it may be desirable to administer an oral dose a 
greater time prior to a meal than the comparable intravenous dose would be 
administered. 

In one embodiment, the NO-increasIng compound is SIN-1, SIN-1 

15 administration to a patient may be in any suitable carrier, in some instances, an 
intravenous dose of between about 1 and 25 mg/kg body weight administered 
over a 5 minute period to 1 hour will be desired. In some instances a dose of 
between about 5 and 20 mg/kg body weight will be desired. In some instances 
a dose of between 8 and 15 mg/kg body weight will be desired. In some 

20 instances the period over which the dose is administered will be adjusted to 
allow hepatic NO levels to rise in parallel to hepatic GSH levels. 

Any suitable glutathione-increasing compound and any suitable 
NO-increasing compound may be employed. A glutathione-increasing or NO- 
increasing compound will be ''suitable" if: (a) at the dose and method of 

25 administration to the mammalian patient, it is not acutely toxic, and does not 
result in chronic toxicity disproportionate to the therapeutic benefit derived from 
treatment; and (b) at the dose and method of administration to the mammalian 
patient, including the impact of a suitable dose of the other (GSH or NO) 
increasing compound, it reduces insulin resistance in the patient. 

30 ' In one embodiment there is provided a pharmaceutical 

composition including a hepatic glutathione-increasing compound and a hepatic 
nitric oxide-increasing compound. 
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in one embodiment of the invention, the glutathione-increasing 
compound and NOHncreasing compound are preferentially targeted to the liver. 
Targeting to the liver can be accomplished through the use of any 
phamiaceutically acceptable liver targeting substance. For example, each 
5 compound can be bound to albumin for preferential delivery to liver; 
alternatively, the compounds may be incorporated into or encapsulated within 
liposomes which are preferentially targeted to the liver. Compounds can be 
bound to bile salts which are selectively taken up by the liver. In one 
embodiment, one or both compounds are administered in a precursor form, and 

10 the precursor is selected to be metabolised to the active form by enzymes 
preferentially found in the liver. 

The glutathione-increasing compound may be administered so as 
to maintain a relatively constant level of the glutathione-increasing compound In 
the liver at all times. In some instances it will be preferable to administer the 

15 glutathione-increasing compound so as to have its concentrations peak when 
blood glucose is high, such as after a meal, allowing HISS production and 
glucose uptake at that time. Where toxicity Is a concem, it may be desirable to 
keep glutathione-increasing compound levels low until blood glucose levels 
become elevated above normal levels. Alternatively, the glutathione-increasing 

20 compound may be administered so as to maintain a relatively constant level of 
HISS in the liver at all times. Altematively, the glutathione-increasing compound 
may be administered to have HISS concentrations peak when blood glucose is 
high, and to remain high for no more than about 4 to 6 houre. 

In some instances, it will be desirable to administer a NO- 

25 increasing compound and a GSH-increasing compound together with at least 
one other drug used in the treatment of diabetes, examples of which are listed in 
Table I. 

Table I 

a. Insulin and insulin analogues 
30 b. Type li Diabetes drugs 

I. Sulfonylurea agents 
1. First Generation 
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a. Tolbutamide 

b. Acetohexamide 

c. Tolazamide 

d. Chlorpropamide 
2. Second Generation 

a. Glyburide 

b. Glipizide 

c. Glimepiride 

ii. Biguanide agents 

1. metformin 

iii. Alpha-glucosidase Inhibitors 

1. Acarbose 

2. Miglltol 

iv. Thiazolfdinedione Agents (insulin sensitizers) 

1- Rosiglltazone 

2. Pioglitazone 

3. Troglitazone 
V. Meglltlnlde Agents 

1- Repaglinide 
Phosphodiesterase Inhibitors • 

i. Anagrellde 
ii\ Tadalafil 

Iii. Dipyridamole 
iV. Dyphylllne 
V. Vandenafil 
vi\ Cllostazol 
vH- Milrinone 
vili. Theophylline 
ix. Sildenafil 
X. Caffeine 
Cholinesterase Inhibitors 
I. Donepezil 

ii. Tacrine 

iii. Edrophonium 

iv. Demecarium 
V. Pyridostigmine 

vi. Phosphollne 

vii. Metrifonate 

viii. Neostigmine 
ix. Galanthamine 
X. Zanapezll 

Cholinergic Agonists 

i. Acetylcholine 

ii. Methacholine 

iii. Bethanechol 

iv. Carbachol 

V. Pilocarpine hydrochloride 
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In one embodiment of the invention there is provided a method of 
reducing insulin resistance in a mammalian patient having lower than normal 
hepatic glutathione levels. In this embodiment the method comprises: selecting 
a patient suffering from insulin resistance, detennining if hepatic glutathione 
5 levels are lower than normal in the patient, and administering a compound which 
increases hepatic glutathione. 

As used herein, the phrase "lower than normal hepatic glutathione 
levels" means hepatic glutathione levels lower than those observed In an 
average healthy individual of the same gender, age, weight, fed-state, and blood 
10 sugar level. 

The patient is preferably a mammal. In one embodiment the 
patient is a human. In another embodiment the patient is a domestic animal 
such as a cat, dog or horse. 

Examples 

15 Summary: GSH depletion was induced in 5 week old Wistar rats 

using buthionine sulfoximine (BS), 2 mmol/l^g bw, i.p. for 20 days. Control rats 
were injected with an equal volume of saline. Insulin sensitivity was measured 
using a euglycemic damp, the Rapid Insulin Sensitivity Test - RIST. In both the 
saline group (SG) and BSO group (BG) a control RIST followed by a RIST post- 
20 L-NAME (1 mg/kg i.p.v.), a NOS competitive antagonist, and a RIST post-SIN-1 
(5 mg/kg i.p.v.), a NO donor, were performed. The liver was removed for ftirther 
determined of hepatic GSI-1 content using the GSH peroxidase-reductase assay. 
BG showed a reduction of 48.3 ± 6.9% in hepatic GSH content compared to SG. 
The control RIST, 248.0 ± 15.8 mg glucose/kg for SG, was Impaired In the BG 
25 (1 68.4 ± 1 2.2 mg glucose/kg; p<0.01 ). After L-NAME the SG RIST was 1 29.0 ± 
1.9 mg glucose/kg and the BG RIST was 109.0 ± 9.1 mg glucose/kg. SIN-1 
administration only restored insulin action in the SG (246.0 ± 11.5 mg 
glucose/kg). HISS action, quantified by subtracting the post L-NAME RIST from 
the control RIST, was 1 14.0 ±15.8 mg glucose/kg for SG and only 49.3 ± 8.6 mg 
30 glucose/kg for BG (p<0.01). HISS dependent insulin resistance appears to be 
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related to impaired levels of GSH in the liver, leading to a compromised HISS 
secretion/release. 

SIN-1 Is a NO donor. L-NAME and L-NMMA are nitric oxide 

synthase (NOB) antagonists. 

SIN-1 reverses HISS Inhibition after NOS blockade. 

SIN-1 produces NO and Oz' simultaneously. Nitrosatin of GSH by 
NO/Oa^" to produce GSNO is efficient. GSNO Is apparently essential for HISS 
release. Nitroprusside is not able to restore HISS action after NOS blockade. 

Example 1 

The overall, experimental protocol is shown in Figure 1 . Male 
Wistar rats (8 weeks) were anaesthetized With sodium pentobaribtlal (65 mg/kg). 
Body temperature was maintained at 37 ± 0.5DC. An arterial-venous loop 
(carotid artery and internal jugular vein) was employed. A catheter was Inserted 
into the portal vein. 

RIST (Rapid Insulin Sensitivity Test): Blood samples (25 pi) for 
arterial glucose analysis were taken from the arterial-venous loop. A stable 
glucose baseline was established. Insulin (50 mU/kg i.v.) was Infused over 5 
minutes. Arterial blood samples were taken every 2 minutes. Glucose was 
adjusted to maintain euglycemla. RIST Index = mg glucose/kg infused during 
RIST. 

CONTROL GROUP: Control group (n=6): L-NAME (1 mg/kg l.p^v.) 
reduces the RIST Index from 260.2 ± 15.6 mg glucose/kg to 121.2 ± 12.8 mg 
glucose/kg (52.3 ± 5.8% Inhibition). SIN-1 (5 mg/kg i.p.v.) restores insulin 
response with a RIST Index of 258.1 ± 18.5 mg gjucose/kg. ***=p<0.001. 

BSO GROUP: BSO group (n=5): The control RIST index was 
158.4 ± 12.2 mg glucose/kg. Intraportal administration of L-NAME (1 mg/kg) 
reduced significantly the RIST Index to 109.8 ± 9.1 mg glucose/kg i.p.v. 
Administration of SIN-1 did not reverse the RIST Index to control values. 
*=p<0.05; ns=non significant. 

INSULIN ACTION: HISiS-dependent and HISS-independent 
components of Insulin action in BSO and control groups. HISS-independent 
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components are not drfferent rn both groups. The direct glucose disposal action 
of insulin is unaltered by GSH depletion. HISS is significantly reduced in BSO 
group (49.3 ± 8.56 mg glucose/kg) compared to control group (138.9 ± 22.8 mg 
glucose/kg) corresponding to a decrease of 64.4% of HISS action. **=p<0.01; 
5 ns=non significant. 

HEPATIC GSH CONTENT: Hepatic glutathione content in BSO 
(n=5) and control (n=6) groups. In control group hepatic GSH content was 
significantly higher (5.66 ±0.1 jjmol/g fresh liver) than in BSO group (2.96 ± 0.4 
pmol/g fresh liver). Hepatic GSH content was decreased in 48.3 ± 6.9% in BSO 
10 group. ***=p<0.001 . 

The results are shown in Figure 2 (a-d). 

An impaired content of hepatic GSH appears to lead to insulin 
resistance. The HISS-independent component of insulin action is not altered in 
the GSH depleted rats. The HISS dependent component of insulin action is 
15 decreased significantly in BSO group compared with control group. HISS 
synthesis/release is dependent on the presence of GSH in the liver. 

^ Example 2 ^ 

A model of low hepatic GSH and NO production is produced by 
overnight fasting. Normal hepatic levels of GSH are reduced by an overnight 

20 fast. SIN-1 at doses from 2.5 to 10 mg/kg i.p.v. do not reverse fasting induced 
HDIR but prior administration of glutathione esters raises hepatic GSH levels to 
those seen in fed animals and restores the ability of the NO donor SIN-1 to 
serve as the permissive signal that allows insulin to cause HISS release thereby 
reversing fasting -induced HDIR. GSH administration by itself results in minor 

25 reversal of HDIR which only becomes therapeutically significant after the 
addition of the NO donor. 

Thus, there has been provided a method of reducing insulin 

resistance. 
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